We obtained two novel W chromosome-linked chick genes by the use of female-male subtraction macroarrays, one of which, 2d-2F9, (recorded as AB188527 in DDBJ) did not have sufficient length (776 bp) to reveal its real form or characteristics. Hence, we obtained fulllength Z-linked and W-linked 2d-2F9 genes of 2596 bp and 2589 bp respectively by the oligo-capping and RACE methods.
The sex-determining mechanism of birds is known to be dependent on the sex chromosomes, as in mammals. The constitution of avian sex chromosomes is, however, quite different from that of mammals: i.e. the avian ZW becomes female, and the ZZ, male, whereas the mammalian XY becomes male, and the XX, female. The male specific-Y and female specific-W chromosomes are smaller than the X and Z chromosomes, and thus the amount of DNA on the Y chromosome is estimated to be about 60 Mb, on which about 20 genes are located involving the SRY (sex-determination region Y) gene, a representative sex-related gene. The Y-derived SRY/sry is a testis-development gene of humans and mice, 1, 2) and it is widely conserved in most mammals.
On the other hand, the avian sex-determining gene is unknown so far. There is a hypothesis that, differently from X chromosome, the avian Z chromosome bears no sex determinative gene, i.e., the avian gene corresponding to the SRY has not been found yet. Overall, the origin of the Z and W chromosomes appears to be quite different from that of the Y and X chromosomes. The fact that many homologs of genomic sequences on the avian Z chromosome are found in human chromosome 9 or 4 3) might support a complete discrepancy in sex determination between mammals and birds.
The avian W chromosome is also far smaller in size than the Z, and the amount of DNA contained in it is estimated to be about 54 Mb. In addition, a wide area (about 80%) from the long arm to the short arm of the W chromosome is occupied by highly repetitive sequences belonging to the XhoI-, EcoRI-, and SspI-families. 4, 5) The remaining 20% of the chromosome comprises nonrepetitive DNA sequences expected to represent at least 20 genes, but fewer than 10 genes have been reported. The genes known so far are the following: CHD1W (chromosome W-linked chromodomain helicase DNAbinding protein), 6) ATP5A1W (W-linked ATP synthase -subunit), 7) SPIN-W (W-linked spindlin), 7) HINT-W (W-linked histidine triad nucleotide-binding protein), 8, 9) FET-1 (female expression transcript 1), 10) SMAD2 (mothers against decapentaplegic homolog 2), UBAP2 (ubiquitin-associated protein 2), UBE2R2 (ubiquitinconjugating enzyme E2R2), ENSGALT0000028411, and ABWT (avian brain W-linked transcript).
11)
One reason we are looking for sex-determining genes on the W chromosome is the observation that chicken (Gallus gallus) gonads of the triploid ZZW were not masculinized (they become of neuter gender), whereas those of ZZZ grew normally, as male. These facts indicate that the chicken W chromosome or related y To whom correspondence should be addressed. Tel/Fax:+81-466-84-3945; E-mail: j-ogihara@brs.nihon-u.ac.jp genes is solely responsible for two female sex determination. 12, 13) We have found two novel W chromosome-linked genes, 2d-2D9 and 2d-2F9, from 62 clones expressing female-specific genes at an early embryonic stage, day-2 (Hamburger-Hamilton stages [12] [13] [14] . 14, 15) Of these two genes, 2d-2D9 showed no significant homology with other genes in databases, whereas 2d-2F9 had a region showing partial homology to the consensus sequence of the AAA ATPase superfamily. 14) Our present study was done in order to characterize gene 2d-2F9 by obtaining the full-length cDNA sequence of this gene from chicken embryos by the RACE method. The chicken Draft Genome Sequence was opened to the public in March 2004. 16) However, all of the nucleotide sequences in the non-repetitive regions on W chromosome have been decided for the presence of highly repetitive sequences, and some genes are still putative, but not this Draft Sequence helped us to assign the full-length cDNA sequence of 2d-2F9 to contigs from chromosomes Z and W.
Materials and Methods
Collection of whole embryos of them sex-determination. Fertilized eggs from White Leghorn chicken (Gallus gallus domesticus) were purchased from the Inoue Chicken Factory (Kanagawa, Japan). All of the animal experiments were performed in accordance with the Guidelines for Animal Experiments of the College of Bioresource Sciences of Nihon University. The eggs were incubated at 38.0 C and 60% relative humidity, and were turned every 2 h. Whole embryos and extraembryonic membranes were collected from the eggs at day 2 of incubation (Hamburger-Hamilton stages [12] [13] [14] . The sex of embryos was determined by PCR using female-specific XhoI family sequences 17) as primers and cDNA prepared from the extra-embryonic membrane as template.
18)
Oligo-capping, 5 0 -and 3 0 -RACE, and nested PCR methods. Total RNA was extracted from a day-2 femalesexed (W chromosome-bearing) embryos, using TRI-ZOL (Invitrogen, Carlsbad, CA), and 500 ng of the RNA was used to synthesize cDNA by the Oligo-capping method 19) using a Gene Racer kit (Invitrogen). A 5 0 -endextended cDNA fragment and a 3 0 -end-extended cDNA fragment were prepared from the cDNA synthesized from the embryo. Then newly prepared primers from the 5 0 -end sequence of the upstream fragment and the 3 0 -end sequence of the downstream fragment were applied to RACE, for which the above-described embryonic cDNA was used as a template. Since this step gave a contaminated full-length cDNA, the cDNA was purified with an EZ-10 Spin Column PCR Product Purification Kit (Bio Universe, Tokyo), and subjected again to RACE, but this time we used nested primers designed from both 5 0 -end and 3 0 -end sequences of the cDNA obtained by 5 0 -and 3 0 -RACE; i.e., the primer nested at the 5 0 -end was 5 0 -GATGAGTCGGCTCTGAGG-3 0 , and that at the 3 0 -end was 5 0 -TTGGAGTTTGGTCCACT-GAG-3 0 . These loci on the cDNA are indicated in Fig. 2 . The thermal conditions were as follows: 95 C for 2 min followed by 30 cycles of 95 C for 15 s (denaturation), 60 C for 30 s (annealing), 68 C for 3 min (elongation), and 68 C for 5 min.
Cloning of 2d-2F9-Z and -W cDNA and cDNA sequencing. The products synthesized by nested PCR were modified by adding deoxyadenine triphosphate (dATP) using Taq DNA Polymerase (Promega, Madison, WI). The dATP-attached PCR product was then ligated to a pGEM T-easy vector (Promega), followed by transformation in E. coli DH5a competent cells. About 20 clones were picked up randomly and subjected to colony-PCR using the same primers used for the nested PCR, as described above, and the 2d-2F9-Z and -W positive clones were selected. The selected 2d-2F9-positive clones were subjected again to colony-PCR using another set of primers, 2d-2F9-nest-forward and 2d-2F9-Z/W-reverse. Clones having 2d-2F9-Z and -W cDNA were selected by staining the amplified PCR products with ethidium bromide after they were digested with HinfI and electrophoresed on a 4% agarose gel. The cDNA clones determined to have 2d-2F9-Z cDNA or -W cDNA were then cultured in Lysogeny Broth medium in ampicillin at 37 C overnight, and the plasmids in these clones were purified using a Plasmid DNA purification kit (Bio Universe). The DNA sequence was analyzed using BigDye Terminator v1.1/3.1 (Applied Biosystems, Tokyo) and, an ABI Automatic Sequencer (PerkinElmer Japan, Tokyo). Sequence data were analyzed by DNASIS Mac version 4.0 (Hitachi Software Engineering, Tokyo).
Semi-quantitative RT-PCR analysis. Semi-quantitative RT-PCR was performed to estimate the extent of expression of 2d-2F9-Z and 2d-2F9-W in chick embryos and several tissues of hatched chicks in comparison with that of their GAPDH (as a control) and SPIN-W (as a reference). The primer sets for these genes were as follows: 
Results
Confirmation of the presence of 2d-2F9 on chromosome W and its counterpart on chromosome Z As we reported previously (AB188527 in DDBJ), gene 2d-2F9, cloned as a W-linked novel gene from more than 15,000 clones in our established macroarray, showed partial homology to the consensus sequence of the AAA ATPase superfamily. This finding prompted us to answer the following two questions: first, is 2d-2F9 really expressed in the female W chromosome alone, 14) and secondly, does it really belong to the AAA ATPase superfamily. 20, 21) We obtained the answer to our first question by using a set of PCR primers for 2d-2F9 (Fig. 1, arrows) : the female embryo had a W chromosome-linked gene and also a Z chromosome-linked one as its counterpart, since PCR gave two kinds of products. One of them was considered to be a product derived from the W chromosome, and the other, from the Z chromosome. These gene products were localized on the W-chromosome-derived contig 1279.1 and, the Zchromosome-derived contig 166.13. These results are attributable to the fact that the female chicken embryo is the heterogametic, ZW, and the fact that they shared a consensus DNA sequence at least at 75-274 nucleotides of the 2d-2F9 gene that we had selected. 14) As shown in Fig. 1 , this novel gene (2d-2F9, AB188527) had higher homology (100%) to the Z-linked contig than to the Wlinked contig (95.8%, Fig. 1, boxed nucleotides) . This indicates that our previous cloning of the gene was done for the gene on the Z chromosome of the female embryo. Here, we termed the 2d-2F9 gene on the W chromosome, 2d-2F9-W, and its counterpart on the Z chromosome, 2d-2F9-Z.
Full-length cDNA of the 2d-2F9 gene contained a sequence comparable to that of AAA ATPase
The full-length cDNA sequence of the 2d-2F9 gene (776 bp, AB188527) was obtained in order to answer the second question posed above. For this purpose, we applied the 5 0 -RACE and 3 0 -RACE methods, followed by nested PCR, as described in ''Materials and Methods.'' Briefly, as shown in Fig. 2 , we carried out 5 0 -RACE and 3 0 -RACE to amplify the gene (2d-2F9) either in its upper 5 0 -region or in its lower 3 0 -region using primers from the sequence of 2d-2F9 cDNA (AB188527, see the two top of Fig. 2) , and obtained two kinds of cDNA (except for the enlarged two boxes, the detailed sequences are omitted). From these sequences, we designed, primers to obtain full-length 2d-2F9 cDNA by nested PCR. The loci of sequences used A set of primers, 2d-2F9-reverse and -forward, was synthesized to amplify common structures between Z and W-derived cDNA. The boxed nucleotides represent positions of their sequences distinct from the 2d-2F9 (recorded as AB188527).
14) The sequence of 2d-2F9 was assigned to the high homologous and chromosome-linkage known contigs (1279.1 and 166.13). The primer 2d-2F9-forward-nested was used for the RACE method, as described in ''Materials and Methods. '' for the primers, 2d-2F9-nest-forward and 2d-2F9-nestreverse, were designed to have consensus sequences, as shown at the bottom of the figure. As shown in the middle of Fig. 2 , the full-length cDNA that we expected to obtain should have all the structure of the open reading flame (ORF) in it.
Identification of Z and W chromosome-linked genes using a set of primers designed from the full-length sequences of 2d-2F9 genes
We determined from the determination of the fulllength sequences of the 2d-2F9 genes on avian sex chromosomes W and Z that the 5 0 -UTR of these genes had quite low homology: there was a 71% difference between the sexes. Then we prepared a set of primers, 2d-2F9-nest-forward and 2d-2F9-Z/W-reverse, to amplify that incompatible region using the consensus sequences for the 2d-2F9-Z and -W genes (Fig. 3A) . As shown in Fig. 3B , the application of this set of primers to PCR, then HinfI digestion, for the identification of clones picked up randomly in a cloning experiment gave remarkable results: every clone was identified as to whether it had a Z-linked gene or a Wlinked one. As estimated, the clones having the Z-linked gene produced a dense clear band at 148 bp, and those having the W-linked gene produced two clear bands, at 94 bp and approximately 50 bp, the latter of which perhaps contained products of 51 bp and 58 bp (the five lanes starting from the left side of the gel). On the other hand, the cDNA prepared from a male embryo and that from a female embryo could also be discriminated in terms of both genes: the male gave a clear band with the product from the Z chromosome-linked gene, but the female gave three bands; one from Z and the other two from W (the two lanes at the right side of the gel).
Full-length cDNA structures of 2d-2F9-Z and -W, and their domains homologous to the AAA ATP-superfamily
As shown in Fig. 4 , two kinds of full-length cDNA were obtained by nested PCR performed on the male embryonic cDNA preparation. One was the Z chromosome-linked 2d-2F9 gene, having a size calculated to be 2,596 bp and two domains corresponding to AAA ATPase 1 and 2 (the boxes with vertical stripes and 0 -and 3 0 -RACE methods using a set of primers for 2d-2F9 (AB188527) 14) and a template cDNA from a female embryo. The 5 0 -RACE gave two different structures from the upstream of the cDNA, with sizes of 2,033 bp and 2,044 bp, and 3 0 -RACE also gave two kinds of downstream structures at the downstream of cDNA of different sizes, 1,038 bp and 1,040 bp. The set of primers designed to obtain the full-length cDNA is represented as a box on each strand, where the consensus sequence, comprising about 20 nucleotides, is located. The cDNA expected to be amplified using these primers might contain structures of 5 0 -UTR, 3 0 -UTR and ORF, as shown in the middle of the figure. The detailed sequence of each primer is shown in the lower part of the figure with its template sequences of RACE-derived cDNA. The nested PCR carried out using this pair of primers allowed us to obtain the full-length cDNA.
oblique crossed line respectively). Except for the 5 0 -UTR of their 5 0 -ends, the ORF of 2d-2F9-W (the fully extended structure) and that of 2d-2F9-Z (full-length) were similar in length, with a homology as high as 89% between them. The 5 0 -UTR of these two cDNAs were found to be different each other, with a low homology, suggesting that it is possible to design primers to distinguish Z-and W-linked genes (Fig. 4 , the boxes with the oblique lines at the left end of the genes).
Some genomic characteristics of the full-length cDNA from the 2d-2F9-Z and W genes
The chicken sex chromosome-linked novel genes 2d-2F9-Z and 2d-2F9-W were extremely expanded in their cDNA size from that of our originally reported 2d-2F9 gene (AB188527, 776 bp): 14) the former Z-linked gene was 2,596 bp, and the latter W-linked gene, 2,589 bp. As shown in Table 1 , the cDNA composition of these two genes could be assigned to contigs on the European Bioinformatics Institute (EBI)'s Chicken Genome Browser (http://www.ensembl.org/Gallus gallus/). Referring to the EBI database, 2d-2F9-W cDNA was found to be consistent with the assembly of three contigs (about 14 kb), and was recognized as a gene with 17 exons. The proteins predicted from 2d-2F9-W and -Z cDNA were equally composed from 806 amino acids, and the homology between the two protein sequences was estimated to be as high as 99%. Similarly, the database showed that the sequence homology between the protein predicted from 2d-2F9-W cDNA and the valosin-containing protein (VCP) of rats and that of human is as high as 98%.
Z-and W-chromosome-linked gene expression in embryos and hatched chicks
The full-length cDNAs of 2d-2F9-Z and 2d-2F9-W provided much information about these genes, some of which was utilized to prepare primers applicable for RT-PCR to quantify the extent of expression of the W chromosome-linked gene as well as that of the Z chromosome-linked one. We successfully prepared two sets of primers to detect both genes exclusively, as indicated in ''Materials and Method.''
The primer sets for 2d-2F9-Z and 2d-2F9-W gave clear band's with their own cDNA-containing clones: the amplified mRNA from the Z-linked gene was 105 bp, and that from W-linked gene, 238 bp (Fig. 5,  two lanes from the right of the gel) .
The embryos at day 2 could be identified as to whether they would become male or female, since the Z chromosome-bearing embryo (this is a male or will become one eventually) produced 105 bp mRNA only A, The 5 0 -regions of the two cDNAs involving their 5 0 -UTR were highly discrepant in structure. Primers 2d-2F9-nest-forward and 2d-2F9-Z/ W-reverse were prepared to sandwich the lower homologous region involving consensus sequences. B, Agarose gel patterns of HinfI-digested PCR products detecting Z and W chromosome-related clones and Z-and W-derived cDNA.
with the primer set 2d-2F9-Z; on the contrary, the W as well as Z chromosome-bearing embryo (which is a female or will become one) produced 238 bp mRNA with the primer set for 2d-2F9-W, and a small amount of 105 bp mRNA with that for 2d-2F9-Z.
Using these primers, we performed RT-PCR for the total RNA samples extracted from the developing embryos as well as several tissues obtained from a hatched chick. As shown in Fig. 6 (left panel) , embryos of both sexes expressed constantly either Z-linked (male) or Z and W-linked (female) genes from an early embryonic stage, day 2, to the later stage, day 10. The expression pattern of the W-linked 2d-2F9 gene was quite similar to that of W chromosome-specific SPIN-W. In the tissues from a female chick 1 week post-hatching, the W-linked and Z-linked genes were expressed in all tissues examined, although the amount of Z-linked genederived mRNA was far smaller than that of the W-linked gene-derived mRNA in these female tissues. The testis, which has two Z chromosomes, expressed only the Zlinked gene (Fig. 6 , three gels of the last column of bands in the right panel).
Discussion
The avian sex determination mechanism is known to be quite different from that of mammals.
3) The mammalian sex chromosomes comprise X and Y, and their heterogametic combination, XY, determines male sex; on the other hand, the avian sex chromosomes are Z and A, The size of nested PCR products obtained from female embryonic cDNA was estimated electrophoretically. The PCR products contain two kinds of structures, 2d-2F9-Z and W, 2,596 bp and 2,589 bp respectively in size. B, The full-length cDNA structures of 2d-2F9-Z and -W, and their domains corresponding to AAA ATPase 1 and 2 (boxes with stripes and oblique crossed lines respectively). The structures of 5 0 -UTR, with rather low homology between the two, are also represented (Fig. 4 , boxes with oblique lines to the left). W, and their ZW combination determines the female sex. No relationship between Y and W chromosomes has been found, and there may be none. The Y chromosome is well known to be the male-determining chromosome, which works through Y-linked genes such as the testis-developing SRY/sry gene. 1, 2) However, the avian W chromosome has no gene equivalent to SRY/ sry, which is known to work in mammals as the gene determining the male sex and development of male gonads. 22) We have been studying these sex chromosomes to seek the sex-determining mechanism in chickens, [3] [4] [5] 7, 9, 14) and our recent study disclosed the presence of a novel gene, named 2d-2F9, which was linked to the W chromosome in the early stage (day-2) embryo. 14) However, this new gene was not of sufficient size (only 776 bp) to learn much from structural and functional standpoints. By sequence analysis, we found that this W chromosome-linked 2d-2F9 gene (precisely, gene-derived cDNA) belonged to the AAA ATPase family, although the AAA-specific Walker 1 motif 21) was not involved for its small size. 14) In this study, we applied the 5 0 -and 3 0 -RACE methods to obtain the full-length cDNA of this gene from chicken embryos, followed by nested PCR, and obtained two kinds of it, which we named 2d-2F9-Z and 2d-2F9-W, for the Z-linked gene and W-linked gene respectively. The presence of a counterpart gene on the Z chromosome is curious, since the gene 2d-2F9 was initially selected from female clones by the female-minus-male procedure. 14) However, it is possible that the Z chromosome-derived genes or fragments of them remained in the clones, even after the subtraction was performed, since the female embryos have both Z and W chromosomes. In the present study, we correctively clarified that the 2d-2F9 (AB188527), recorded as about 1.2 kb in size, is made of a much larger structure (2d-2F9-W = 2589 bp, 2d-2F9-Z = 2596 bp). 14) From the Chicken Draft Genome Sequence, which was opened in March 2004, 16) we were able to assign the structure 2d-2F9 to the W chromosome-linked contig 1279.1, and to the Z chromosome-linked contigs 166.12- 13, and we designed the primer used. The two kinds of full-length cDNA, 2d-2F9-Z and 2d-2F9-W, gave us much information: (i) they belonged to the AAA ATPase superfamily, in view of their high homology with it. (ii) Between the 2d-2F9-Z and -W cDNA sequences, there were regions of lower homology at the 5 0 -UTR, whose structures were useful for designing a set of primers for the identification of Z or W-linked gene in clones. (iii) A set of primers that exclusively amplified Z or W chromosome-related sequence was developed.
These two sets of specific primers were found to be applicable to RT-PCR for the identification of the sex of chicken embryos and tissues. And, (iv) Sequence analysis of the full-length cDNA made it possible for us to assign its structure to known contigs in the chicken genome. 16) Application of the primers for 2d-2F9-Z and -W to RT-PCR revealed remarkable results showing that the expression of both genes can detected in every embryo regardless of age and in every organ and tissue. Such a Female and male chicken whole embryos and female embryonic tissues were subjected to analysis. The 2d-2F9-W and -Z genes were expressed constantly during development of the female embryo from embryonic day 2 to day 10 (upper two gels in the left part of the left panel), which expression was comparable to that of SPIN-W, a W-linked constitutive gene (bottom gel on the left side of the left panel), as well as to that of housekeeping GAPDH (lower gel on left side of left panel). Except for the absence of SPIN-W, the male embryo and testis equally expressed 2d-2F9-Z-derived mRNA. In this experiment, we confirmed that using the untranscripted total RNA samples and primers for GAPDH, there was no measurable contamination of genomic DNA in our RNA samples. mode of gene expression in female embryos is comparable to that of GAPDH or W-specific SPIN-W.
The female embryos gave a significantly smaller amount of Z-derived product than the male embryos. This result can not be explained by the number of Z chromosomes, because, on a quantitative basis, the Zderived product in the ZW chromosome-containing female embryo or tissue vs. that in the ZZ chromosome-containing male embryo did not reach the expected 1:2 in our experiment. The reason for this lesser amount remains to be clarified.
The 2d-2F9-Z and -W genes showed high homology with the mammalian VCP gene, 23) and especially with the two domains of AAA ATPase 1 and AAA ATPase 2 within this gene. Since the VCP gene is known to be located on human autosomal chromosome 9, 24) which has more than 10 homologs of genomic sequences on the avian sex chromosomes, it is highly likely that the evolution of sex chromosomes has occurred independently in mammals and birds. [6] [7] [8] [9] [10] [11] AAA ATPase family genes are known to have various functions, including misfolded protein-degrading activity in the endoplasmic reticulum. 25) This report is the first to show that the AAA ATPase superfamily-related 2d-2F9-W gene is present on the W chromosome, and is expressed in chicken embryos and tissues. Since genes 2d-2F9-Z and -W were expressed in the embryo very early (day 2), long before gonadal differentiation at day 6, these genes appear to play essential roles in the development of embryos and their differentiation. However, the function of these genes as a sex-determining factor is questionable, because the genes were expressed stably from the very beginning of embryonic development to hatching, and equally between heterogametic and homogametic embryos. In other words, the male and female embryos were quite similar in the expression of these genes, and we did not discover any other reason these genes lead to sex difference.
Since the 2d-2F9-Z and -W genes coexist in the female embryo and organs, and their functional proteins appear to be expressed remarkably stably even past embryonic development, these genes might promote the general health of the chicken. The protein chemical analysis for these gene products is under investigation.
